Abstract. The ability of tissues to survive desiccation is common in seeds but rare in vegetative tissues. In this study the ultrastructure of hydrated and dehydrated tissues were examined at different stages of the life cycle of the resurrection grass, Eragrostis nindensis Ficalho & Hiern. Conventional fixation techniques are unsuitable for dry tissues as rehydration occurs during fixation in aqueous fixatives. Thus a cryofixation and freeze-substitution method was developed. As a result of the improved fixation methods, it was possible to identify the stage and nature of the damage in the desiccation-sensitive tissues. E. nindensis has desiccation-tolerant orthodox seeds, but the young seedlings are not tolerant to extreme water loss. However, like the seeds, most of the leaves of the adult plant are tolerant to desiccation (only the oldest outermost leaf on a tiller are not). Desiccation-induced damage in these outer leaves was observed in the later stage of dehydration, dominated by the appearance of abundant cell wall fractures (1 wall fracture per 50 µm 2 ). Unlike the outer leaves, the leaves of seedlings appeared similar to those of the hydrated ones upon desiccation. Irreparable damage occurred on rehydration of these tissues possibly as a result of the absence of protection mechanisms observed during desiccation of the inner desiccation-tolerant leaves of the mature plants. The mesophyll tissues of these leaves become compact with extensive cell wall folding on drying. The bundle sheath cells maintained their shape with desiccation but became packed with small vacuoles.
Introduction
Eragrostis nindensis Ficalho & Hiern is one of very few grasses worldwide that is able to survive near-complete desiccation of its tissues. Desiccation tolerance in seeds is common and well researched (Vertucci and Farrant 1995; Pammenter and Berjak 1999; Walters et al. 2002) but desiccation tolerance in vegetative tissues is rare. Angiosperms like E. nindensis that are tolerant of desiccation are commonly known as resurrection plants.
Of the resurrection angiosperms, a significant proportion is grasses all from the same subfamily, Eragrostoideae. It has been suggested that desiccation tolerance in these species is a relatively recent evolutionary event (Gaff 1989; Oliver et al. 2000) . Furthermore, species in which desiccation tolerance is restricted to the basal meristematic or immature tissue (e.g. E. hispida) are said to be less advanced in terms of tolerance, than those in which mature tissues can rehydrate (Gaff and Ellis 1974) . E. nindensis is interesting in that although the seed and mature plants are desiccationtolerant, the seedlings are not (Fig. 1) . Leaf senescence is common to all plants, but as with some other resurrection plants (Tymms et al. 1982; Gaff 1989) , dehydration of E. nindensis also precipitates premature death in the oldest outer leaves of E. nindensis (Vander Willigen et al. 2001a) . Another unusual feature of this resurrection grass is that it is poikilochlorophyllous (loss of chlorophyll on drying) (Gaff and Ellis 1974) .
The ability to observe structural changes in tissues under water stress has contributed considerably towards confirming and explaining the physiological, biochemical and molecular processes that occur during both dehydration and rehydration (e.g. Hallam 1976; Gaff 1980; Platt et al. 1997; Sherwin and Farrant 1998 inter alia) . Traditionally, preparation of samples for transmission electron microscopy (TEM) involves chemical fixation. There is however a number of artefacts proposed to be caused by this technique (Morgan 1980; Coetzee and van der Merwe 1984; Gilkey and Staehelin 1986; Gavin et al. 1991; Klein et al. 1992) . The
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Vander Willigen et al. The seeds are desiccation-tolerant, but the seedlings are sensitive to even mild water stress for approximately the first 8 months after germination. On dehydration, leaves of mature plants fold. The desiccation-tolerant inner leaves form a tight spiral, whereas the desiccation-sensitive leaves curl irregularly from both margins and do not rehydrate.
Dehydration
primary cause of many of these artefacts is the long time (minutes/hours) it takes chemical fixatives to penetrate and cross-link a specimen (Roos 1991; Kiss and McDonald 1993) during which process cellular activity and destruction can occur (Mersey and McCully 1978) . An alternative to chemical fixation is physical fixation by cryofixation. The most common methods of cryofixation are (1) plungefreezing (2) propane jet freezing (3) cold metal block freezing and (4) high pressure freezing. The fixation of samples by these procedures are extremely rapid (milliseconds) and this usually eliminates the development of the artefacts mentioned above. However, only high pressure freezing enables samples to be well frozen. Ice damage during cryofixation can limit the success of the first three methods. In order to prevent such damage, it is often necessary to impregnate hydrated biological tissues with sugars and other cryopreservatives prior to ultra-rapid freezing (Ding et al. 1991; Parthasarathy 1995; Ryan and Maugel 1997) . Additional artefacts, in the form of artificial rehydration of desiccated tissues during aqueous chemical fixation, have hampered ultrastructural investigations of desiccation in both seeds (Swift and Buttrose 1972; Buttrose 1973 ) and vegetative tissues (Hallam and Luff 1980a, b; Hetherington et al. 1982; Schneider et al. 1993; Vicré et al. 1999; Koonjul et al. 2000) . Attempts to ensure isotonic conditions between chemical fixatives and tissues have reduced these artefacts in partially dehydrated tissues (Fellows and Boyer 1978; Platt et al. 1997 ), but were not successful in totally desiccated tissues . Anhydrous chemical fixation using osmium vapour of dry tissues has also been attempted with limited success (Hallam 1976; Opik 1980; Webb and Arnott 1982; Goldsworthy and Drennan 1991; Smith 1991; Vicré et al. 1999) . The absence of free water in desiccated tissues makes these specimens ideal candidates for cryofixation. Ice damage cannot occur without any free water in the tissue and consequently many of the precautions required for hydrated tissues are unnecessary (Tiwari et al. 1990; Thompson and Platt 1997; Wesley-Smith 2001) . The high accumulation of sugars in the dry state of many resurrection plants (Scott 2000; Whittaker et al. 2001) probably aids this process as well.
Freeze-substitution entails the dissolution of ice in a cryofixed sample by an anhydrous organic solvent at low temperatures at which secondary ice crystal formation can be avoided. Cryofixation and freeze-substitution have been used successfully on desiccated plant tissues including pollen (Tiwari et al. 1990) , embryonic axes (Wesley-Smith 2001) and a desiccation-tolerant spikemoss, Selaginella lepidophylla (Thomson and Platt 1997) but has never been attempted on angiosperms. Not only is this technique highly suited to desiccated tissues but it also circumvents the rehydration artefacts associated with aqueous chemical fixation (Thomson and Platt 1997; Wesley-Smith 2001) . This is the first ultrastructural study of dehydrated tissues of both desiccation-tolerant (mature, inner leaves and seeds) and desiccation-sensitive leaves (seedling and outer mature leaves) of a resurrection angiosperm (E. nindensis) prepared anhydrously using freeze-substitution. Micrographs capturing critical stages of dehydration and rehydration of the desiccation-tolerant mature, inner leaves are also presented. These images provide insight into both desiccation tolerance and sensitivity.
Material and methods

Plant material
Eragrostis nindensis Ficalho & Hiern plants and seed were collected from an inselberg in northwestern South Africa. Mature plants, as well as seedlings germinated in seedling flats in soil collected from the field site, were maintained in a glasshouse without supplemental lighting. Microscopic analyses were performed on at least four replicate individual seeds, leaves (ca 2 cm in length) from three-month-old seedlings and leaf segments ca 2 cm distal to the leaf sheath from inner and outer leaves of mature E. nindensis plants (refer to Fig. 1 ). Relative water content (RWC) of these tissues was measured as previously described (Vander Willigen et al. 2001a) . The mean of the RWC of two leaf segments either side of the sample taken for microscopy is given.
Samples were prepared for transmission electron microscopy (TEM) using two different techniques: conventional fixation (CF) and cryofixation followed by freeze-substitution (FS). CF was only used on mature leaf samples from hydrated plants, as well as at various stages of both dehydration (withholding of water) and rehydration (resumption of soil watering) when the water content was greater than ca 0.15 g H 2 O g -1 dry wt. Fully-desiccated tissues, as well as leaves in the later stages of dehydration and early stages of rehydration were prepared using FS. The mature plants dried to a RWC < 5% in ca 10 d, the inner leaves regaining turgor ca 5 d after rewatering (Vander Willigen et al. 2001a) . The seedlings dried within 36 h and did not recover after rehydration. The environmental conditions during dehydration and rehydration were the same: 16 h light (400 µmol m -2 s -1 ) at 26°C; 8 h dark at 15°C, 50-65% relative humidity (RH).
Conventional fixation
Leaf segments (approx 2 mm 2 ) were fixed at room temperature in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) and 0.5% caffeine according to the methods of Sherwin and Farrant (1996) . After postfixation in 1% osmium tetroxide in 0.1 M phosphate buffer for 1 h, the leaf tissue was dehydrated using an ethanol gradient, infiltrated with low viscosity epoxy resin (Spurr 1969 ) over 2 d and polymerised for 48 h at 60°C. Sections (100 nm thick) were cut using a Reichart Ultracut S (Leica, Vienna, Austria) and stained with uranyl acetate and lead citrate (Reynolds 1963) . A JEM 200CX transmission electron microscope (JEOL, Tokyo, Japan) was used to view the samples.
Cryofixation
Very small (ca 0.5 mm 2 ) leaf segments and whole seeds (> 0.5 mm 2 diameter) were mounted on nickel grids with a nominal amount of Tissue Tek adhesive (Miles Scientific, Naperville, IL, USA) and immediately plunge frozen into liquid propane (-185°C) using a Reichert KF8 cryofixation instrument (Leica).
Freeze-substitution
Cryofixed specimens were immersed in dry, pre-cooled (-80°C) acetone in a Leica EM AFS automatic freeze-substitution system (Leica). After 6 h, the samples were then transferred to a precooled Vander Willigen et al. solution of 0.1% tannic acid in anhydrous acetone where they remained at -80°C for 24 h. After rinsing with pre-cooled anhydrous acetone, the samples were left in a precooled freeze-substitution solution containing 2% (w/v) anhydrous glutaraldehyde (Electron Microscopy Sciences, Fort Washington, USA) and 2% (w/v) uranyl acetate in dry acetone, for 48 h at -80°C. The temperature was then set to increase up to -20°C by 1°C every hour. At this temperature 2% (w/v) osmium tetroxide in dry acetone was added to the freeze substitution solution. After 24 h in this medium, the samples were transferred into a fresh freeze-substitution solution (2% (w/v) anhydrous glutaraldehyde and 2% (w/v) uranyl acetate in dry acetone) and rewarming by 1°C every hour was resumed until the samples reached room temperature. Samples were then washed with acetone and detached from the nickel grids before infiltrating with increasing concentrations (20%, 50%, 80% and 100%) of low viscosity epoxy resin (Spurr 1969 ) over 5 d. The infiltrated specimens were embedded in the resin and polymerised at 60°C for 48 h. Ultrathin sections (120-150 nm) from the outermost parts of the embedded tissue were cut on a Reichart Ultracut S (Leica) and mounted on Formvar-coated copper grids (300 mesh). Sections were briefly (less than 1 min) stained with aqueous 2% uranyl acetate and lead citrate (Reynolds 1963 ) and viewed as above.
Image analysis
The number of cell wall fractures in fully desiccated outer leaf tissues was counted using a grid overlay technique (Berjak et al. 1992) . A number of parameters were also measured on organelles at various stages of dehydration and rehydration of the inner leaves. At least 15 grid blocks from each of four different sections from at least two different specimens per sample were analysed. Statistical analyses were conducted with Statgraphics Plus software (Statistical Graphic Corporation, Englewood Cliffs, NJ, USA).
Results
The vascular bundles in the leaves of E. nindensis show a typical Kranz arrangement. Each bundle consisted of a ring of bundle sheath cells with centripetally arranged chloroplasts enclosing the vascular tissue (Fig. 2) .
Like all grasses, E. nindensis has orthodox seeds, i.e. dry and desiccation-tolerant at maturity. Extensive cell wall folding was evident in the endosperm (Fig. 3Ai) ; the cells were packed with small vacuoles and lipid bodies, and ribosomes were prevalent in the surrounding cytoplasm (Fig. 3Aii) . As is common in sections prepared by freeze substitution, most of the cell walls were negatively stained.
If watering was suspended during the seedling stage (up to about 8 months after germination), the plants dehydrated very rapidly (less than 36 h) but did not resurrect on rehydration. Images of E. nindensis seedling leaves are presented in Fig. 3B depicting the hydrated (Fig. 3Bi) , dehydrated ( Fig. 3Bii) and rehydrated (Fig. 3Biii) states. In the hydrated state many of the bundle sheath chloroplasts, which were an unusual cup shape, appeared metabolically active. There were prominent starch grains in these chloroplasts and numerous mitochondria were in close proximity (Fig. 3Bi) . The desiccated tissues (Fig. 3Bii) had very compacted cytoplasm, walls were folded, but organelles appeared intact. Chloroplasts had well-developed thylakoid membranes and starch was present, not too dissimilar to those of the hydrated tissues (Fig. 3Bi) . On rehydration, disruption to the cellular organisation was evident, probably due to the influx of water causing swelling and bursting of organelles (Fig. 3Biii) .
The ultrastructure of the desiccated mature leaves differed according to the position of the leaf on the tiller. Unlike the seedlings, subcellular detail from dry desiccation-sensitive tissues of the outer leaves (the oldest leaf on a tiller) was difficult to differentiate because of minimal cellular integrity of these tissues (Fig. 3C) . A notable feature was the considerable number of breaks in the cell walls [ca 1 wall fracture per 50 µm 2 (Fig. 3Ci) ] which were first observed in tissues partially dehydrated tissues to 35% RWC. Since most of the tissues were virtually unrecognisable, it was impossible to confirm whether the breaks were specific to a particular cell type. On rewatering, no repair of this damage was evident (data not shown) and metabolic activity did not resume (Vander Willigen et al. 2001a) .
The inner leaves (the leaf of the next insertion point on the tiller) are desiccation-tolerant and initiate a series of protective mechanisms during drying (Vander Willigen et al. 2001a ). In the hydrated state, tissues of mature inner leaves were indistinguishable from those of mature outer leaves. Cells were vacuolated with cytoplasm limited to the periphery. Chloroplasts had well-developed thylakoids but 
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were not cup-shaped as in seedling leaves (Fig. 3Bi) . As with the desiccated seedlings (Fig. 3Bii) , the inner mature leaf tissues maintained cellular integrity in the air-dry state (Fig. 4Aii, 4Biii ). In the desiccated mesophyll tissue, the central vacuoles present in the hydrated state (Fig. 4Ai) were considerably reduced in size, and the cytoplasm had become compacted. No mitochondria or chloroplasts were discernable (Fig. 4Aii) . The most significant change in this and dehydrated (Aii, × 6200) mesophyll tissues; hydrated cell at 100% RWC (Bi, × 3600); partially dehydrated cell at 26% RWC (Bii, × 2800); dehydrated cell at 5% RWC (Biii, × 3600); partially rehydrated cell at 15% RWC (Biv, × 3200).
tissue on dehydration was the considerable reduction in cell volume and the consequent cell wall folding (Fig. 4Aii) which occurred between 70 and 50% RWC (Vander Willigen et al. 2001b) . Considerable ultrastructural changes occurred in the bundle sheath cells during dehydration of the desiccationtolerant mature inner leaves as well. The hydrated bundle sheath cells contained a prominent central vacuole and elongated chloroplasts with numerous thylakoids, conspicuous granal stacks and numerous starch grains (Fig. 4Bi) .
Extensive ice damage was evident in partially-hydrated leaf samples containing more than ca 1.5 g H 2 O g -1 dry wt (ca 30% RWC) when using the plunge-freezing method of cryofixation. Consequently only the later stages of desiccation and the early stages of rehydration were studied using this method. However no significant changes in cell ultrastructure of bundle sheath cells were observed in conventionally-fixed tissues during dehydration to 30% RWC.
During the later stages of dehydration (RWC < 30%) the cell walls of the bundle sheath cells became crenulated (Fig. 4Bii ) but no significant change in cell volume has been measured in these tissues (Vander Willigen et al. 2001b) . At this stage, the large central vacuole had reduced in size, thylakoids were dismantled and a number of smaller vacuoles were evident at the periphery (compare Fig. 4Bii with Figs 4Biii and 5A). It is unclear whether this change in the size and number of the vacuoles was due to fragmentation of the central vacuole or de novo synthesis. However, although vacuolar volume of the bundle sheath cells did not change during desiccation (Fig. 5B) , the total length of tonoplast increased from 74.43 ± 5.34 to 125.32 ± 13.5 µm cell -1 during dehydration. In the dry state the bundle sheath cells were densely packed with small vacuoles whose contents had different degrees of electron density (Fig. 4Biii) . The degree of vacuolation was such that it precluded visualisation of other organelles.
Rehydration in the desiccation-tolerant leaves occurred in a front from the base. After a 6-h rehydration period (15% RWC), the number of vacuoles present had reduced by 66% compared with the number in the dry state (Figs 4Biv, 5A ). Cell wall folding was also less pronounced (Fig. 4Biv) . After 5 d the leaves were fully rehydrated and there were no ultrastructural differences between the rehydrated tissues and the original hydrated leaves (Fig. 4Ai, 4Bi) .
Discussion
Neither the seedlings nor the mature outer leaves of E. nindensis survive desiccation but the seed and mature inner leaves are desiccation-tolerant (Fig. 1) . The ultrastructural evidence presented suggests that the cause of both the tolerance and sensitivity of these developmental stages of E. nindensis to desiccation are not the same.
Unlike the young tissue of the seedlings, the immature leaves of established plants, which are wrapped within the sheath of the inner leaves during drying, are also tolerant of desiccation. It is possible that the desiccation tolerance of these immature leaves is due primarily to the shading and reduced rate of water loss that the older 'inner' leaf would provide. However, it was not established whether seedlings (which would be of a similar developmental age to these immature leaves) would survive desiccation under similar protective conditions. It may be that the long delay required for seedling establishment is necessary in order to achieve desiccation tolerance in the adult plant; i.e. even though the leaves are immature, the developmental age of the adult plants enable the protection mechanisms to proceed during desiccation in both the mature inner leaves as well as any immature leaves on the tiller.Electrolyte leakage of tissues on immersion in water is often used to assess membrane integrity (Leopold et al. 1991) . In the outer mature leaves, this method identified 40% RWC as the lethal water content beyond which extensive membrane damage was recorded (Vander Willigen et al. 2001a ) but this information does not reveal whether the damage occurs on desiccation or rehydra- tion. However with the addition of the ultrastructural evidence prepared using non-aqueous fixatives, it is now possible to speculate that the desiccation-induced damage in the outer leaves of E. nindensis is incurred as water is lost from these tissues (Fig. 3C) . In contrast, the desiccation sensitivity of the seedlings is the result of irreparable damage that occurs on rehydration (Fig. 3Biii) . Since cellular organisation is maintained during dehydration in seedlings, it may be an inability of these tissues to prevent and/or repair membrane damage on rehydration, which is one of the features which prevents them from surviving desiccation. When desiccation-sensitive (recalcitrant) seeds are rapidly dried, there is apparent preservation of ultrastructure (Berjak et al. 1990 ) but damage is evident on rehydration. In contrast slowly-dried recalcitrant seeds appeared to be damaged during dehydration (Pammenter et al. 1998) . It seems that there is no protection in either instance, but simply there was insufficient time with very rapid drying to allow visible evidence of damage on drying (Pammenter et al. 1991 (Pammenter et al. , 1998 Berjak et al. 1993) . Possibly the same is true of the desiccation-sensitive seedlings of E. nindensis. The mechanism of protection is not yet genetically accessible but because drying is relatively rapid (36 h), no visible damage is evident on drying, only on rehydration.
Cell wall fractures are often considered to be an artefact of the fixation procedure (Hayat 1989) . The consistency of this phenomenon in only the outer leaves of E. nindensis using both freeze substitution (Fig. 3Ci) and conventional fixation procedures, and not in any of the other desiccated tissues prepared and examined in this study, suggests that even if this damage is artefactual, there must some inherent weakness in the walls of these cells. The seeminglyregulated cell wall folding observed during the dehydration of numerous resurrection plants is thought to be important in attaining tolerance in those species ( Fig. 4Aii ; Vicré et al. 1999; Farrant 2000) . The cell wall defects in the outer leaves of E. nindensis may well contribute to the desiccation sensitivity of these leaves.
In the hydrated state, the leaf tissues of the various developmental stages and differing ages of E. nindensis appear similar. However, on dehydration, a number of ultrastructural changes were observed in the inner leaves of E. nindensis which we proposed to be involved in conferring desiccation tolerance in these leaves (Figs 4, 5) .
The maintenance of the general shape and most of the volume of the bundle sheath cells (Fig. 4B) is possibly important to the desiccation tolerance of this tissue or maybe a consequence of the thickness of these cell walls compared with those of the mesophyll. The bundle sheath cells are in closest proximity to the vascular tissue and hence are likely to rehydrate first. They are also likely to be the most photosynthetically and metabolically active cells in the hydrated state and probably play an important role in the resumption of metabolic activity on rehydration.
Compatible solutes and sugars are thought to replace water lost on dehydration in order to maintain cell structure and membrane integrity (Crowe et al. 1987; Farrant and Sherwin 1998; Whittaker et al. 2001) . However, the importance of the formation of glasses in conferring desiccation tolerance is currently under debate (Buitnik et al. 2002) . Sugars (Ghasempour et al. 1998) and proline (Tymms and Gaff 1979 ) are known to accumulate in E. nindensis on drying. Many of these compounds are thought to accumulate in vacuoles (Farrant 2000) and as such retain cell volume and shape Pammenter and Berjak 1999) . Although vacuoles in the mesophyll cells are retained on drying in mesophyll cells, they are reduced in volume concomitant with the extensive cell wall folding observed in these cells (Fig. 4Aii) . The bundle sheath cells tend to retain their shape in transverse view on drying (Fig. 4Biii) . In these cells, the central vacuole maintained its original volume until less than ca 26% RWC, by which time cell wall folding and cell volume reductions would have already occurred (Vander Willigen et al. 2001b) . However, only after this point was the formation of abundant small vacuoles observed ( Fig. 4B; Fig. 5A ). Numerous small vacuoles have been observed during the desiccation of several other resurrection plants (Gaff et al. 1976; Quartacci et al. 1997; Dalla Vecchia et al. 1998) as well as in waterstressed desiccation-sensitive tissues (Barrieu et al. 1999) . Since changes in cell volume and shape in the mesophyll cells would have occurred before the formation of these small vacuoles in the bundle sheath cells in E. nindensis, it can be deduced that their formation does not affect the retention of cell structure during dehydration. However, the maintenance of total vacuolar volume during this process may be critical to the preservation of cell shape (Fig. 5B) .
It is presently unclear whether these vacuoles are formed de novo or from the subdivision of the central vacuole. However, since there is an increase in the amount of vacuolar membrane in the desiccated bundle sheath cells of E. nindensis compared with that in the hydrated state, some synthesis of membrane components must occur. The expression of a Rab protein (associated with vesicle trafficking) during desiccation of Sporobolus stapfianus (O'Mahony and Oliver 1999) was suggested to indicate a stimulation of endomembrane synthesis during dehydration of this resurrection grass. A similar process may be involved in the formation of small vacuoles in the bundle sheath cells of the desiccation-tolerant leaves of E. nindensis. Even though it is not known what substances fill these vacuoles, it is possible that as in the protein bodies found in dry seeds (Mettler and Beevers 1979; van der Wilden et al. 1980; Pernollet 1985) , these vacuoles may store compounds necessary for the resumption of metabolism on rehydration. Their presence in the bundle sheath cells, which are usually the most metabolically-active cells, supports this hypothesis.
Freeze-substitution is regarded by many as a considerable improvement in TEM sample preparation (Roos 1991; Kiss and McDonald 1993; Parthasarathy 1995 inter alia) . In desiccation-sensitive tissues, it is impossible to distinguish between injury caused as a result of dehydration and that incurred during the influx of water on rehydration (Fig. 3Biii, 3Cii) .
